We present an exhaustive analysis of transport measurements performed in twinned YBa 2 Cu 3 O 7 single crystals which stablishes that the vortex solidliquid transition is first order when the magnetic field H is applied at an angle θ away from the direction of the twin planes. We show that the resistive transitions are hysteretic and the V-I curves are non-linear, displaying a characteristic s-shape at the melting line H m (T ), which scales as ε(θ)H m (T, θ).
I. INTRODUCTION
During the last years, vortex physics in high-temperature superconductors has become a major topic of research. The main reason for this interest is that the interplay between thermal fluctuations, anisotropy and disorder determine the existence of several vortex phases in the magnetic phase diagram of these materials. These phases are separated by different kinds of thermodynamic transitions. In particular, it is now well established that in clean YBa 2 Cu 3 O 7 crystals the vortex solid transforms into a liquid through a first order phase transition [1] [2] [3] . This thermodynamic transition shows up in the transport properties as a sharp drop or "kink" in the resistivity, ρ(T ), at the melting temperature T m (H, θ) 1, 4 , and has an hysteretic behaviour both in temperature and field 1 which corresponds to a superheating of the solid phase 5 .
When correlated disorder is present in the sample, as for example in twinned YBa 2 Cu 3 O 7 crystals, the transition transforms into second order 4 and occurs between a solid called Bose-Glass 6, 7 and an entangled vortex liquid. The Bose-Glass phase, existing only within a small angular region around the direction of the correlated defects (θ = 0), is characterized by a universal behaviour of the non-linear and linear resistivity with well defined critical exponents 7 . At the Bose-Glass transition temperature, T BG (H, θ), the presence of correlated defects introduces changes in the thermodynamic properties of the mixed state that go beyond the mass anisotropy approximation. In contrast to T m (H, θ) which smoothly follows the angular dependence given by the anisotropy, T BG (H, θ) shows a sharp cusp 6,7 around θ = 0. Within this small angular region, ρ(T ) has a smooth temperature dependence near the transition, while at larger angles a similar kink to that observed in untwinned crystals develops 4, 7, 8 . Using the Lindeman criterion and the scaling rules for anisotropic superconductors 9 Kwok and co-workers 4 fitted the angular dependence of the temperature at which the kink occurred. This fit was interpreted as an indication of a recovery of the melting transition in the vortex system when the magnetic field was tilted away from the planar defect direction 4 . by 150µm were made with silver epoxy over evaporated gold pads, resulting in contact resistances lower than 1Ω. The crystal was mounted onto a rotatable sample holder with an angular resolution better than 0.05
• inside a commercial gas flow cryostat with an 18T magnet. The current was injected at 45
• off the twin planes. Transport measurements were performed using conventional DC techniques. All resistivity measurements were made within the linear regime using a current density J ≤ 3A/cm 2 .
III. RESULTS AND DISCUSSION
In Figure 1 we show the angular dependence of the temperature at which the resistivity of the crystal becomes zero within experimental resolution 16 , at an applied magnetic field of 6T. Similar results were obtained for other applied fields. As clearly seen, there is a cusp at small angles which is indicative of the Bose-Glass phase, as has been recently demonstrated by Grigera et al. 7 . In this paper we will concentrate on the investigation of the nature of the 4 solid-liquid transition in the angular region away from that in which the Bose-Glass phase exists.
In Figure 2 we present R(T ) data for three different angles, as a function of the applied magnetic field. As can be seen, the transitions at low fields display a sharp drop to zero which we identify with the characteristic resistivity kink. Note that, for a fixed angle, the kink is washed out as the field is increased, an effect similar to that observed in ref. [10] and to that reported for untwinned crystals with the magnetic field applied parallel to the c-axis 4 . In the case under study, the field value at which the transitions starts to broaden depends on the angle between H and the correlated defects: the larger the angle, the larger the field at which the kink is washed out. This feature is more clearly seen in Figure 3 where, in order to quantify the above mentioned behaviour, we plotted the full width at half maximum (FWHM) of the temperature derivative, dρ/dT , of the curves shown in Fig. 2 as a function of the applied field H. It can be seen that for θ = 23
• the transitions start to broaden at approximately H ≈ 12T , while this field value is increased up to 14T for θ = 38
• , and to almost 18T for θ = 58
• . The values of the magnetic field at which the transitions start to broaden are independent of the criterion used for the definition of the transition width.
According to the scaling theory of Blatter et al. 9 , in an anisotropic superconductor a physical magnitude which is a function of angle and field should scale as the product Hε(θ),
where the anisotropy factor ε(θ) = cos 2 (θ) + γ −2 sin 2 (θ), with γ 2 = m c /m ab . Such scaling for the FWHM, with γ = 7, is shown in Figure 4 , where we have also included data for other measured angles. Note that all curves collapse onto one and that the sudden increase of the transition widths occurs at the same reduced field H * = Hε(θ) ≃ 11T for all angles. The sudden change in the transition width is indicative of a corresponding change in the vortex dynamics below and above the characteristic field H * .
As is widely accepted, one of the most powerful tools to investigate vortex dynamics is the measurement of V-I characteristics. We performed such measurements in a temperature interval around the transitions for magnetic fields below and above H * . Typical results for the resistance as a function of the applied current at an angle θ = 23
• are shown in Figure   5 . In panel (a) we plot the measurements for a field of 8T, lower than the critical field The extensive experimental results shown above display special features pointing towards the occurrence of a first order solid to liquid transition in the vortex lattice when H < H * .
In order to consolidate this scenario, we have performed measurements to look for hysteretic behaviour in the resistive transitions 1 . Due to experimental constrains, instead of searching for hysteresis in temperature, we performed such measurements at a fixed temperature (regulation better than 5 mK) and sweeping the magnetic field up and down. The results for an angle θ = 23
• and a measuring current I = 50µA are plotted in Figure 6 . Panel (a)
shows the data for T ≃ T * where T * is the temperature corresponding to the critical field at θ = 23
• . The arrows indicate the sense in which the field was sweeped. Within experimental resolution no hysteresis is seen in this region. However, when the temperature is increased in such a way that T > T * a clear hysteretic behaviour in the resistive transition develops, as can be seen in panel (b). It is important to mention that the width of the hysteresis is current independent between 50 and 100µA. When the applied current is increased above this value curve A shifts towards curve B and, at high enough currents (above 150µA), the hysteresis is washed out. Following Charalambous et al. 5 we interpret this behaviour as indicative of a superheating of the vortex lattice.
In Figure 7 we compare the superconductor phase diagram for our sample with that obtained in a clean untwinned crystal 1 . The inset show the raw H-T data, for different angles and the data at zero angle for the untwinned crystal. In order to take into account the anisotropy change as the angle between H and the defects is changed, in the main panel we have used the corresponding scaling field Hε(θ), while the reduced temperature scale t = T /T c (H = 0) is used to account for the different critical temperature at zero field of both samples. The collapse of all data on one universal curve not only provides an impressive graphical view of our interpretation of the resistivity kink temperature in twinned samples as a melting temperature, but indicates that the presence of the twin boundary potentials does not modify this temperature. Later on we will come back to this point, continuing now with the anisotropy dependence of other physical quantities.
In clean crystals a relevant quantity related to the melting transition is the kink height at the melting temperature. It has been found to be angle and field independent 4 , and this particular behaviour has attracted theoretical interest 21 . In contrast, we have found that in 45
• oriented twinned crystals, the kink height is angle and field dependent, an observation already reported in ref. 10 . Since this quantity related to the occurrence of a first order phase transition which follows the anisotropy, we expect the kink height also to scale with it. In Fig. 8 we show such scaling. We have plotted the kink height measured at fixed angles and increasing the magnetic field (open symbols), together with measurements of the same quantity but at a fixed applied field (6T) and reducing the angle θ(full symbols).
Clearly all data collapse onto a universal curve. The behaviour reported by Langan et al.
10
is distinctly different. The reasons for the lack of scaling in their data is related to the fact that their measurements at θ = 5
• were taken in an angular region were the dissipation at the transition is greatly reduced due to the effect of the twin planes on the vortex dynamics.
This reduction is easily seen in V (θ) measurements where a dip in the dissipation occurs The structure of the vortex solid is unknown.
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